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 
Abstract—A high penetration of 1-phase rooftop solar 
photovoltaic (PV) units with unbalanced allocation can create 
considerable neutral current and neutral potential rise in low 
voltage (LV) 4-wire multi-grounded distribution networks, even 
with balanced loads. Because of the limitations of traditional 
strategies to mitigate the combined effect of load and PV 
unbalance, this paper proposes the use of distributed energy 
storage to reduce the neutral current and neutral potential under 
a high penetration of unbalanced rooftop solar PV allocation. A 
power balancing algorithm based on charge/discharge control is 
developed to continuously adjust the power exchange with the 
grid to mitigate the neutral current and neutral potential rise, 
while minimizing power drawn from the energy storage. A 
dynamic model of the integrated PV-storage system is developed 
to investigate the dynamic performance of the proposed strategy. 
An Australian LV distribution system is used to verify its 
performance and results are presented. 
 
Index Terms-- Rooftop solar PV, 4-wire multi-grounded LV 
network, neutral current, neutral potential rise, distributed 
energy storage, charging/discharging. 
I.  INTRODUCTION 
EUTRAL current flow in low voltage (LV) 4-wire multi-
grounded distribution networks is a known problem 
among distribution system research community and protection 
engineers. The fundamental frequency component of the 
neutral current is mainly produced by load unbalance [1] and 
unbalanced impedances of the network. The unbalanced phase 
currents do not sum up to zero, and the resultant neutral 
current flows through the neutral conductor and neutral 
grounding resistances causing health and safety concerns. 
Harmonic components produced by the magnetization of 
distribution transformers and non-linear loads can produce 
triplen harmonics, which can increase the neutral current to be 
even higher than the phase current [1]. In a healthy 
distribution system, the neutral grounding resistances would 
be small and therefore, a reasonable amount of neutral current 
would not increase the neutral potential significantly. 
However, if the neutral grounding resistances increase, for 
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example due to bonding of the earth wire with a non-metallic 
water piping system [2], the neutral potential or Neutral-to-
Ground Voltage (NGV) can become significant. A high NGV 
value can damage sensitive electronic and computing 
equipment due to the common-mode noise effect [3]. 
Manufacturers of computing equipment have specified 0.5 V 
[3] as the limit of common-mode noise; a more stringent limit 
of 0.1 V is reported in [4]. NGV and other forms of stray 
voltages are also detrimental for human beings [5] and farm 
animals [6]. To ensure a safe and reliable operation of 
distribution networks, neutral current and NGV rise have to be 
treated with due importance. 
A high penetration of single phase rooftop solar PV units 
with an unbalanced allocation has the potential to worsen the 
classical neutral current and neutral potential problem. 
Distribution utilities are not always in a position to directly 
control the generation of solar PV units at different phases of a 
network. Therefore, a highly unbalanced allocation of solar 
PV units can create a significantly large neutral current that 
can cause the NGV to exceed the acceptable limit. 
Several methods for the mitigation of neutral current and 
neutral potential rise have been reported in the literature [6-
10]. The balancing of loads [7, 8, 10] is a traditional 
mitigation method used for the reduction of neutral current 
produced by the load unbalance, although in practice it is very 
difficult to have 100% load balance. Other forms of traditional 
mitigation techniques, such as the re-sizing of neutral 
conductor [7, 10], improving grounding system [7, 10], adding 
passive harmonic filter, or installation of equipotential planes 
[6, 7, 9], may need significant additional material and can 
increase installation costs. Further, the variability of solar PV 
generation would make it difficult to balance the combined 
effect of load and solar PV unbalance using the traditional 
mitigation techniques that are mainly of “static” type, and 
does not change with the variation of solar PV output. 
Therefore, new mitigation strategies need to be developed to 
balance out the combined unbalance produced by rooftop solar 
PV units and load demands.  
Mitigation of voltage unbalance using optimal control of 
PV inverter active and reactive power was proposed in [11]. 
Active filters [12] have also been proposed to reduce the 
harmonics and hence can reduce the triplen harmonics flowing 
in the neutral current; however such a filter cannot compensate 
for active power variation such as PV output fluctuation. 
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Distributed energy storage has been proposed to solve 
renewable energy related issues in LV networks, such as 
voltage rise [13], power quality issues, and also for peak 
shaving. When available, such energy storage system can be 
also applied for voltage unbalance mitigation by charging and 
discharging of PV power as shown in [14], and hence can 
increase the benefit of the storage device. In a previous work 
[15], the authors have explored the application of distributed 
energy storage devices integrated with rooftop PV systems for 
the mitigation of neutral current and NGV problems. 
However, the detailed method for charging/discharging 
control, including its dynamic response, was not investigated 
in [15].       
As an extension of the work reported in [15], the main 
contributions of this paper are: (i) to develop a power 
balancing algorithm for mitigating the neutral current and 
NGV rise problems while minimize the power 
consumption/delivery by the energy storage; and, (ii) to 
develop a charging/discharging strategy using the proposed 
power balancing algorithm to provide a controlled mitigation 
effect under variable load and PV unbalance. Given the safety 
and power quality issues of neutral voltage rise caused by 
current unbalance, this paper will contribute towards 
managing this problem. In addition, a dynamic model of the 
PV-storage integrated system is developed to investigate the 
performance of the proposed strategy under the time lags 
associated with power electronic systems and battery storage. 
The proposed approach will be analyzed for their effectiveness 
in mitigating the neutral current and neutral potential problems 
in the context of Australian LV distribution systems.  
II.  NEUTRAL CURRENT AND NEUTRAL POTENTIAL CREATED 
BY UNBALANCED ALLOCATION OF ROOFTOP SOLAR PV UNITS 
The neutral current produced at any given bus of a three 
phase 4-wire multi-grounded LV feeder, as shown in Fig. 1, 
can be obtained from the expression in (1). 
Neutral
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Fig. 1.  Neutral current in a 4-wire multigrounded LV feeder produced by 
unbalanced load and PV allocation. 
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(1) 
where, nI N is the total neutral current at the given node; 
cba III netnetnet  and ,, are the net currents in phase a, b and c; PL, 
PPV are the active load and active power of the PV inverter at 
the respective phases; QL, QPV are the reactive power of the 
load, and reactive power of the PV inverter at the respective 
phases; Vre and Vim are the real and imaginary components of 
the respective phase and neutral voltages. 
From (1) it is evident that the neutral current can still be 
produced even if the loads are fully balanced. To investigate 
how solar PV unbalance can create neutral current and voltage 
problems, the feeder in Fig. 1 is considered with the loads 
perfectly balanced. The PV outputs in phase a are varied from 
zero to twice the outputs in phase b and c using a scaling 
factor and its effect on the neutral current and voltage is 
observed in Fig. 2. The Current Unbalance Factor (CUF) 
defined in [16] is used to measure the current unbalance 
created by PV unbalance. 
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where, Ips, Ins and Izs are positive, negative and zero sequence 
currents, respectively.  
The left and right hand side compass plots in Fig. 2(a) 
correspond to the cases with =and =2, respectively, that 
represents two extreme cases of current unbalance (CUF: 
400% and 70%) and therefore shows high neutral current. The 
middle compass plot corresponds to the case with  = 1, where 
the net currents are balanced and the neutral current is 
approximately zero. 
 
Fig. 2.  Effect of PV unbalance on neutral current and voltage. (a) The vector 
diagrams of net currents and neutral current. (b) Neutral current. (c) NGV.  
The profiles of the neutral current and NGV as  increases 
are shown in Fig. 2(b) and (c), respectively. The neutral 
current and NGV value increases for 0<<1 and 1>>2, with 
a theoretically zero value when PV outputs are balanced (i.e. 
If the loads are also unbalanced, this may further 
aggravate the neutral current and neutral potential rise created 
by the unbalanced allocation of the PV units. 
The neutral current produced by an unbalanced allocation 
of rooftop solar PV would be significant during midday due to 
a high PV output. A real evidence of the midday increase of 
the neutral current caused by unbalanced PV generation in a 
distribution feeder was captured by an Australian utility, 
shown in Fig. 3. In a previous work [17], authors developed a 
power flow approach for integrated 3-wire and 4-wire multi-
grounded networks and investigated the PV impact on an 
Australian distribution system where the neutral grounding 
resistances in the LV feeders are elevated because of the 
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bonding of the earth wire with the non-metallic water 
reticulation system [2]. The results show that the neutral 
voltage can exceed the acceptable level of 0.5 V [3] in a feeder 
with an unbalanced allocation of PV, as shown in Fig. 4. The 
current unbalance factors determined using (2) are also found 
high during the periods of high neutral voltage, as shown in 
Fig. 4. 
 
Fig. 3.  Captured unbalanced phase currents and neutral current profiles in a 
distribution feeder in Australia. 
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Fig. 4.  Simulated neutral voltage in an Australian distribution system caused 
by unbalanced rooftop PV allocation. 
 
To reduce a potentially high NGV produced by the 
combined effect of variable 1-phase PV outputs and unbalance 
load demands, a dynamic mitigation strategy using energy 
storage is developed in the following section.  
III.  PROPOSED DISTRIBUTED ENERGY STORAGE BASED 
MITIGATION STRATEGY 
In this strategy, battery storage devices already integrated 
with the PV systems in the feeder are used; a schematic of the 
proposed arrangement is shown in Fig. 5. Each of the 
households of a given phase in a given bus is connected to the 
households in the other two phases in the same bus through a 
communication link. With the progress of smart grid 
technologies extending up to the low voltage customer level, 
such arrangements would be possible. In this paper, it is 
assumed that the communication link is reliable and therefore, 
always available. It is important to consider the latency (the 
time taken for a packet of data to be transferred between two 
points in the network) and the bandwidth (the data transfer 
rate) implications while deploying the available 
communication arrangement for the proposed strategy. The 
Quality of Service (QoS) requirements [18, 19] of standard 
smart grid technologies need the latency to be within the range 
of a few milliseconds to a few tens of milliseconds depending 
on the application. The bandwidth will depend on the latency, 
the message length and number of messages per second. An 
example of bandwidth calculation performed in [20] for the 
communication system in a 10,000 feeder smart grid 
connecting 1 million customers evaluated the required 
bandwidth to be 100 Mbps considering 10 ms latency, 100 bits 
message and 1 million messages per second. As the proposed 
strategy only intends to communicate among a few households 
at the three phases of a given bus, any standard smart grid 
communication bandwidth would be sufficient. 
As the proposed strategy will use the regular power 
connection between the storage device and the PV system, the 
standard fault/short circuit protection facilities available in an 
integrated PV (grid-tied) and energy storage system would be 
suitable.    
 
Fig. 5.  Schematic diagram of the proposed distributed storage based strategy 
for mitigation of NC and NGV problems. 
 
For balancing operation, it is intended to charge/discharge 
the storage devices such that the power exchange with grid 
(reverse power flow during high PV period or forward power 
flow during low or no PV period) becomes equal for all the 
three phases at each bus in the LV feeder. A method to 
determine the amount of power to be consumed or delivered 
by each of the storage device for the balancing operation is 
developed below. 
A.  Development of a Power Balancing Algorithm based on 
Charging/Discharging of Distributed Storage 
Assume that the power to be exchanged with the grid (Pgrid) 
at each of the phases at the i-th bus will have to be made equal 
to a reference power 
iP -refgrid . The amount of power to be 
consumed or delivered by the storage device at each of the 
phases for this purpose can be obtained as given below. 
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where, PDES is the power to be consumed or delivered by the 
distributed energy storage for balancing operation, PL is the 
load active power, PPV is the inverter active power, all for the 
respective phases at the i-th bus, as shown in Fig. 5. 
If all the phases experience reverse power flow (negative 
Pgrid, during high PV period), then the balancing is performed 
by the charging operation, as shown in Fig. 6(a), whereas, 
balancing is performed by the discharging operation if power 
is drawn from the grid at all the phases (positive Pgrid, during 
low or no PV period), as shown in Fig. 6(b). 
The power used for the balancing operation needs to be 
minimized to reduce the amount of storage capacity required. 
The value of 
iP -refgrid  that minimizes the total amount of power 
usage from the three distributed storage devices in a bus can 
be obtained by solving the constrained minimization problem 
formulated below. 
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Fig. 6.  Grid power exchange scenarios (a) Pgrid at all phases <0. (b) Pgrid at 
all phases >0. (c) Mixed type of Pgrid. (d) Balancing by charging and 
discharging. (e) Balancing by only charging. 
 
The equality constraint in (4b) ensures that an equal power 
exchange with the grid at all the phases (power balancing) and 
the inequality constraints in (4c) ensures the correct decision is 
made on the storage operation (charging or discharging). 
According to the solutions obtained from (4), if all the phases 
experience the same type of power exchange with the grid 
(either reverse power or forward power), the total power for 
the balancing operation at a given i-th bus can be minimized 
when 
iP -refgrid is obtained using (5).  
 
 icibiai P,P,PminP gridgridgrid-refgrid      (5) 
However, depending on the load demand and the solar PV 
generation, a bus may experience a mixed type of Pgrid. For 
example in Fig. 6(c), phase a, b and c have positive (+ve), 0 
and negative (-ve) Pgrid, respectively. Balancing can be 
performed using a combination of charging and discharging 
operation as shown in Fig. 6(d), or using either of those; 
balancing by charging only is shown in Fig. 6(e). For these 
cases, (4) needs to be solved to select the option that ensures 
the sum of the power consumption or delivery by the storage 
devices in a bus is the minimum. If the PV system in a phase 
is faulty or a phase does not have a PV system, then instead of 
having a reverse power flow, it will rather have a forward 
power flow. If it is intended to provide a balancing effect in 
these cases, (4) needs to be solved to determine the 
appropriate amount of charging/discharging power. Whether 
there will be any storage without a PV is a different concern 
and is not considered in this paper. The proposed strategy 
however would be most optimal when each of the customers 
has a PV system integrated with a storage device in every 
phase. 
Once PDES is obtained using (3)-(5), the 
charging/discharging rate of the battery at the phase ‘p’ of the 
i-th bus can be obtained using the expression below. 
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   (6) 
where, ipIDES  is the charging/discharging rate,  c,b,ap , 
ipVDES  is the battery voltage which is a function of the battery 
state of charge ipDESSoC , 
ipCDES  is the battery capacity, and 
ip
DESp  is a set of battery modeling parameters. Details of the 
battery modeling approach, including the efficiency and the 
Depth of Discharge (DoD) considerations, can be found in a 
previous work [21] of the authors. The average energy 
efficiency of a lead acid battery, obtained by multiplying the 
voltage efficiency and the coulomb efficiency may typically 
vary between 77% and 81% [22]. 
B.  Dynamic Modeling and Controller Design for Distributed 
Storage 
A dynamic control model is developed to investigate the 
proposed strategy in the presence of physical device time lags. 
In the dynamic control model, a PI controller is used for 
storage power control, and the storage unit, DC/DC converters 
and inverter are represented by first order time lags, as shown 
in Fig. 7. 
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Fig. 7.  Dynamic model of the storage control system for power balancing. 
  
The state-space model of the dynamic system, shown in 
Fig. 7, constructed using the state variables corresponding to 
the storage power control loop (x1: PI controller output, x2: 
PDES), DC/DC converter outputs (x3, x4) and inverter output 
(x5) is given in (7). The reference for the PI controller, PDES-ref 
is obtained using (3)-(5). 
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where, TDES is the storage time constant, TD1 and TD2 are the 
time constants of the DC/DC converters, TINV  is the inverter 
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time constant and ηINV is the inverter efficiency that can be 
obtained from manufacturer datasheet based on the operating 
condition.  
The rise time (r) and overshoot (OS) of the closed loop 
system formed by the controller and the storage device are 
used as the design criteria for obtaining the controller 
parameters. The rise time needs to be low so that the storage 
device is able to provide a fast and appropriate balancing 
effect. Simultaneously, the overshoot needs to be within a 
satisfactory limit. The rise time is chosen to be slightly higher 
than TDES and the overshoot is chosen to be kept below 15%.   
The closed loop transfer function Gc(s) of the controller and 
storage combined system in terms of the storage time constant 
TDES, and the proportional and integral gains (kP, kI) is given 
below. 
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According to the dynamics of second order systems, the 
natural frequency n and the damping ratio  can be related to 
the storage and controller parameters as given in (9). 
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The value of is determined from the specified overshoot 
criterion using the following expression [23]. 
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From the obtained value of , n can be determined using 
the normalized rise time versus damping ratio characteristic 
presented in [23]. The values of n and are then used to 
obtain kP and kI, using (9). 
Modern battery energy storage devices, such as Valve 
Regulated Lead Acid (VLRA) batteries, Li-Ion batteries, have 
response time in the order of milliseconds. The VLRA battery 
used in this paper is assumed to have a time constant (TDES) of 
6 millisecond according to [24, 25]. Based on the value of 
TDES, the rise time (r) criterion is set at 8 milliseconds and the 
overshoot (OS) criterion is set at 10%. Then using the 
approach stated above, the controller parameters are obtained, 
as listed in Table I. The time constants of the DC/DC 
converters and inverter are derived from typical values given 
in [26, 27] and presented in Table I. The root-locus plot in Fig. 
8(a) shows that using the controller gains listed in Table I, the 
closed loop poles are located on the  line corresponding to  = 
0.56,which corresponds to 11% overshoot. The open loop 
frequency response characteristic in Fig. 8(b) shows a phase 
margin of 60.8 indicating a stable loop. 
 
TABLE I 
DYNAMIC MODEL AND CONTROLLER PARAMETERS 
Parameter Value 
TDES, TD1, TD2, TINV 6 ms, 6 ms, 6 ms, 12 ms 
KP, KI 0.4808, 261.4594 
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 Fig. 8.  Controller performance. (a) Root locus. (b) Frequency response.   
C.  A Control Strategy for Charging/Discharge Operation 
The control strategy for charging/discharging of the 
distributed storage connected at a given i-th bus and p-th 
phase is shown in Fig. 9 using a flowchart for a given k-th 
time instant. 
Pgrid at the 
p-th phase
Pgrid  at 
other phases
Comm. Link
iP refgrid using (5)
Solve (4) for Charging 
and Discharging Options
Yes
Discharge 
ipPDESusing (3)
ipIDES
using (6)Charge 
No
Yes
No
Yes
Yes
Find the option with 
minimum:
 

 c,b,ap
ipPDES
Pgrid @ all 
ph. < 0 ?
Pgrid @ all 
ph. > 0 ?
Transit to the 
next time step
No No
ip
DESSoC (k)<SoCmax? 
ip
DESSoC (k)>DoDmax? 
 
Fig. 9.  The balancing control strategy with distributed storage. 
 
The amount of the grid power exchange (Pgrid) at the (p-th) 
phase (from measurement) and the other two phases is 
monitored (through communication) at each instant of time. 
The measurements signals necessary for this strategy is the 
load and PV generation at each of the PV connection points 
that would be available from the standard monitoring, control 
and protection systems of grid-tied inverter units. If Pgrid at all 
the phases are less than zero, this indicates a reverse power 
flow (during high PV period) at the phases and therefore 
power balancing is performed by charging operation. The 
appropriate charging rates for the balancing operation are 
obtained using (6), based on the values obtained from (3) and 
(5). Then the charging operation is performed if the present 
SoC is less than the maximum allowable state of charge of the 
battery (SoCmax). If Pgrid at all the phases are higher than zero, 
this indicates a forward power flow (during low or no PV 
period) at the phases and therefore power balancing is 
performed by discharging operation. The discharging rates are 
obtained using (3), (5) and (6), and the discharge operation is 
performed if the present SoC is higher than DoDmax to ensure 
that it is not allowed to be fully discharged (empty). 
If Pgrid at the phases have both forward and reverse power 
flow, then (4) is solved to find the total power for charging 
and discharging options. Then the balancing operation is 
performed by the option that requires the minimum amount of 
total power. 
The proposed strategy is developed based on a distributed 
control approach where the distributed storage devices will 
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operate depending on local load and PV output information at 
the same bus. The communication requirement would be 
minimal and communication with any central control system 
will not be necessary.  
IV.  APPLICATION EXAMPLES 
To analyze the performance of the proposed strategy in a 
distribution network environment, a low voltage (LV) 
distribution feeder extracted from the New South Wales 
distribution system is considered. All the households in the 
LV feeder are assumed to have rooftop solar PV units with 
integrated battery storage devices. For the analysis of 
distributed storage based strategy, 3 to 8 kWh VLRA battery 
(typical Australian size for residential or small PV systems) is 
used depending on the load and PV size at different phases. In 
spite of the weight and dimensional constraints (147 kg, 
665x217x412 mm3 for a typical 3.48 kWh VRLA battery 
[28]), this type of energy storage devices are being integrated 
with the home PV systems. According to manufacturer test 
reports [29], the charging/discharging rates of VRLA batteries 
can be varied in a wide range from 0.05C to 4C, where C is 
the capacity and therefore would be able to satisfy the 
requirements of a wide range of charging/discharging power. 
Before testing the proposed approach under a real load 
demand and PV generation profile over a daylong period, an 
investigation is performed to observe how this mitigation 
technique provides balancing effect and reduces neutral 
current and NGV at a given time instant. The dynamic control 
model of the integrated PV and energy storage system is used 
for this purpose. Power balancing by the charging operation is 
shown in Fig. 10 using a time instant during the midday.       
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Fig. 10.  Power balancing by charging operation (a) PDES. (b)Pgrid. (c) Neutral 
current. (d) NGV. 
Initially, the storage control is deactivated up to 0.4 sec to 
show the impact of unbalanced load and PV generation on 
neutral current and neutral to ground voltage (NGV). This 
causes the storage power consumption to remain zero before 
0.4 sec, as shown in Fig. 10(a), and due to the presence of load 
and PV unbalances, unbalance is created in Pgrid, as presented 
in Fig. 10(b). Therefore, a high neutral current and a high 
NGV are produced, as shown in Fig. 10(c) and 10(d), 
respectively. At 0.4 sec, the storage power control is activated 
and an appropriate power balancing action takes place in 
several milliseconds, which is observed in storage power 
consumption profiles presented in Fig. 10(a). This results in 
balancing the amount of Pgrid, and therefore, a reduction in 
neutral current and voltage, as shown in Fig. 10(b), (c), and 
(d), respectively. 
Power balancing by the discharge operation of the energy 
storage devices during evening peak load period is shown in 
Fig. 11. Similar to the charging operation in Fig. 10, the 
storage control is deactivated up to 0.4 sec, which results in an 
unbalance in Pgrid created by supplying unbalanced loads, as 
shown in Fig. 11(a) and (b), respectively. The neutral current 
in Fig. 11(c) produced by the unbalanced load creates a 
significant level of NGV as shown in Fig. 11(d). At 0.4 sec, 
the storage power control is activated and an appropriate 
balancing effect is provided by discharging the stored energy 
which balances the Pgrid, and reduces neutral current and 
NGV, as shown in Fig. 11(b), (c), and (d), respectively. 
Results presented in Fig. 10 and 11 verify the ability of the 
proposed approach to mitigate neutral current and NGV 
problems under physical device time lags. Energy storage 
devices with low response time and an appropriate design of 
the controller would be necessary to effectively utilize the 
proposed approach. 
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Fig. 11.  Power balancing by discharging operation (a) PDES. (b)Pgrid. (c) 
Neutral current. (d) NGV. 
The performance of the proposed strategy to mitigate 
neutral current and NGV problems under daylong variations 
of PV output and load is verified using quasi steady state 
simulations using 1-minute resolution data. The solar PV data 
is obtained from the Renewable Energy Integration Facility at 
Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) Energy Technology in Australia and 
the load data is derived from an Australian distribution utility.  
The distributed storage devices installed in the test LV 
feeder is controlled according to the proposed power 
balancing algorithm. Pgrid profiles for the three phases in the 
substation-end bus of the test feeder and the reference power 
exchange with the grid determined based on the Pgrid profiles 
using (3) to (5) are shown in Fig. 12 (a). During the periods of 
mixed Pgrid values (+ve and -ve), as marked using blue circles, 
the storage devices are controlled using (4) as shown in the 
flowchart of Fig. 9. The SoC profile of the storage device in 
phase a of the substation-end bus is shown in Fig. 12(b); the 
DoDmax (35%) and SoCmax (100%) limits are checked while 
performing the charging/discharging operation. 
The power delivered or absorbed by the distributed storage 
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devices at the substation-end bus of the LV feeder is shown in 
Fig. 13. The shaded areas indicate the energy used in the 
charging/discharging operation. The time corresponding to the 
charging/discharging operations are also identified over the 24 
hour period in Fig. 13. The energy stored during the charging 
operation over the daytime is discharged during the nighttime. 
Depending on the amount of stored energy, the period of the 
discharge operation can be determined for a given load 
demand profile. If the stored energy is adequate, the balancing 
support can be continued over the late night to early morning, 
as shown in Fig. 13. However, if the amount of stored energy 
is not adequate, the balancing support could only be provided 
during the peak load period, when the neutral current and the 
NGV problems are most severe due to a high amount of load 
unbalance.  
 
Fig. 12.  Charge and discharge operation of energy storage. (a) Pgrid and 
iP -refgrid  profile. (b) SoC profile during charge and discharge operation. 
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Fig. 14(a) shows the feeder current flow without any 
mitigation. It is observed that during midday and also during 
the evening peak period, the currents in the three phases are 
unbalanced, with a Current Unbalance Factor (CUF) of 14% 
and 10%, respectively. These unbalanced phase currents 
produce a high neutral current.  
 
Fig. 14.  Phase and neutral current flow through the test feeder; (a) without 
mitigation; (b) with mitigation by distributed storage devices. 
The current unbalance is reduced by the balancing action of 
the storage units (CUF value reduced to 3.6% and 2.8%, 
respectively) and, the neutral current is also reduced as shown 
in Fig. 14(b). The reduction of neutral current will help to 
mitigate the neutral potential rise problem. The NGV profiles 
at the substation-end bus and at the remote-end bus of the LV 
feeder without balancing action are compared in Fig. 15 with 
the NGV profiles at the same buses with balancing action. It is 
observed that with the power balancing operation, the NGV 
values are reduced significantly during midday PV peak and 
also during the evening peak load period. For reference, the 
NGV profiles at the other buses of the LV feeder have also 
been included in Fig. 15. It is found that the proposed 
mitigation strategy has reduced the NGV values all over the 
LV feeder below the limit of 0.5 V. 
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Fig. 15. NGV with the mitigation by distributed energy storage. 
Previous results show how the proposed strategy mitigates 
neutral current and neutral potential rise problem over a 
daylong period where the PV output has no significant 
fluctuation. If a PV output fluctuates due to cloud passing, the 
storage device will need to shift the operation from charging 
to discharging. The applicability of the proposed approach 
under a fluctuating PV output scenario is investigated below. 
First, a quasi steady state analysis is performed using a 700 
second long PV output profile captured by National 
Renewable Energy Laboratory (NREL) [30] from Hawaii 
Island. Then a dynamic simulation is performed using the 
dynamic model developed in this paper, as shown in Fig. 7, to 
investigate how the proposed approach performs in providing 
the appropriate mitigation action under physical device time 
delays. As the resolution of the PV data is 1-second, the 
reference value of the controller was updated every second. 
The measurements signals necessary for this strategy is the 
load and PV generation at each of the PV connection points 
that would be available from the standard monitoring, control 
and protection systems of grid-tied inverter units. Therefore, 
no additional cost will be associated with the measurement. 
The results of quasi steady analysis are presented in Fig. 
16. The unbalances in Pgrid due to load and PV unbalance is 
shown in Fig. 16(a), where fluctuations in Pgrid are observed 
from 200 sec to 325 second, caused by PV output fluctuation. 
Using the proposed strategy, storage devices are controlled to 
consume and deliver the appropriate amount of balancing 
power, as shown in Fig. 16(b), by charging and discharging 
operation. Therefore, the Pgrid profiles become balanced, as 
observed in Fig. 16(c). Providing the necessary balancing 
effect by the storage devices results in reducing the neutral 
current and neutral potential, as observed in Fig. 17(a) and (b), 
respectively. 
For the dynamic simulation of the proposed strategy under 
a fluctuating PV output environment, a 6-second long segment 
from the 700-second profile used in Fig. 16 is considered. The 
segment is identified in Fig. 16(a) using a dashed rectangle, 
which includes both injection into the grid and consumption 
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from the grid, therefore requiring a charging and a discharging 
operation.      
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Fig. 16.  Performance of the proposed approach under fluctuating PV output. 
(a) Pgrid without DES (b) PDES. (c) Pgrid with DES. 
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Fig. 17.  Neutral current and NGV with and without DES during a PV output 
fluctuation event. (a) Neutral current reduction. (b) NGV reduction. 
Without the control of the storage devices, Pgrid is 
unbalanced, as shown in Fig. 18(a). With proposed control 
algorithm, PDES at all the phases is controlled to provide an 
appropriate balancing action. From 0 to 2 seconds, balancing 
is performed by charging operation, and after 2 second, the 
Pgrid becomes positive due to reduction in PV output caused by 
cloud passing. Therefore, PDES control is shifted from charging 
to discharging for providing the appropriate balancing effect. 
As a result, Pgrid at all the phases become balanced, as 
observed in Fig. 18(c). 
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Fig. 18.  Dynamic performance of the proposed approach under fluctuating 
PV output. (a) Pgrid without DES (b) PDES. (c) Pgrid with DES. 
 
The neutral current and NGV profiles obtained from the 
dynamic simulation are presented in Fig. 19 that shows 
significant reductions in the neutral current and neutral 
potential as a result of controlling the distributed storage 
devices using the proposed strategy. 
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Fig. 19.  Dynamic response of neutral current and NGV obtained using the 
dynamic model. (a) Neutral current. (b) NGV. 
 
The proposed strategies perform the mitigation of the 
neutral current and NGV problems by storing surplus energy 
during PV peak period and releasing the stored energy during 
the evening peak load. In addition to mitigating the NGV 
problem, this operation brings the benefit of partially 
mitigating voltage rise impact of PV and also supports the 
evening peak load. Market analysts are expecting a tenfold 
increase in the global market of storage devices for small 
residential PV systems [31]. Utilities in Australia are 
promoting the utilization of energy storage devices. In some 
cases, its use is becoming mandatory because Australian 
utilities are putting in standards that will only allow an 
automatic approval of PV systems below 30 kW if it is 
equipped with any device that prevents it from exporting 
power to the grid [32] – such a device would essentially be an 
energy storage. With the availability of PV integrated energy 
storage devices and communication systems at each of the 
customer premises, this paper only proposes a strategy to 
increase the benefit of the already available assets by utilizing 
the energy storage device for alleviating the neutral voltage 
rise. 
V.  CONCLUSIONS 
This paper has developed a novel strategy for the 
mitigation of the neutral current and neutral potential 
problems in 4-wire multi-grounded LV networks under 
unbalanced allocation of rooftop solar PV using distributed 
energy storage. The controllability of energy storage devices 
has been exploited to provide a dynamic balancing effect 
under the combined unbalance of variable load and solar PV 
generation to mitigate the neutral current and NGV problems. 
An algorithm has been developed based on constrained 
minimization technique to balance the net power exchange 
with the grid utilizing the minimum amount of storage power. 
A control strategy has been developed based on the proposed 
balancing algorithm to control the energy storage devices to 
provide an appropriate balancing effect under varying load 
and PV unbalance. Analysis performed using an Australian 
distribution feeder demonstrates, that the proposed strategy is 
able to reduce the large neutral current created by the 
combined load and PV unbalance and hence reduce the NGV 
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level to within the acceptable limit. As the energy storage 
devices and the power electronic converters in the PV systems 
have time delays, a dynamic control model of the PV storage 
integrated system is developed and a controller is designed to 
investigate the performance of the proposed strategy under 
physical time lags. It is observed that with a proper selection 
of energy storage and an appropriately tuned controller, the 
proposed strategy can mitigate the neutral current and NGV 
problems in the order of milliseconds.    
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